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The invention is described in the following statement; 

i 
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METHOD FOR MICROBIAL DISCOVERY 



for 

invention 
and thereby 
a teat 
to an 



iques are 
outcome is 



FIELD OF THE INVENTION 

The present invention relates to a methojd 
microbial discovery. In particular, the present 
relates to a method for selectively enriching 
discovering a microorganism which can metabolise 
substrate. The present invention further relates 
apparatus for conducting the mathod and micrcjorganisms 
discovered by the method. 

BACKGROUND OF THE INVENTION 

Techniques such as passaging in batch cujlture are 
still used today for the discovery of microorganisms which 
can metabolise a test substrate. These technh 
often labour intensive, slow and the expectec 
not known until the enriched microbial population is 
plated onto selective media. Traditional methods for 
monitoring the activity or growth of a microbial 
population include measurement of biomass concentration 
and/or measurement of substrate consumption. These 
analytical techniques do not provide an assessment of the 
status of a microbial population in real-time to enable 
the status of the microbial culture to be determined, and 
intervention to occur if necessary. 

The chemostat provides continuous culture and has 
been ujjed for enrichment to facilitate the discovery of 
microorganisms with useful properties and the study of 
evolutionary pathways. The effectiveness of conventional 
continuous culture is limited because the status of the 
discovery process cannot be evaluated rapidlM. In a 
limited number of aaaes carbon dioxide production and 



a 005 



a continuous 
subject to a 



oxygen consumption have been used to monitor 
culture. However these techniques have been 
range of limitations imposed by the small nunjber of 
applications to which the techniques have been considered 
applicable, and/or limitations based on def icjiencies in 
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the apparatus. For one example, off-line analysis of 
biomass concentration or residual substrate Concentration 
is commonly required to evaluate the statue 6f an 
enrichment process. Off-line analysis is titfie consuming 
in terms of the slow analytical techniques involved r and 
indeed the delays in developing an appropriate analytical 
procedure for determining analyte concentration. 
Furthermore, a significant level of infrastructure and 
staff trained in the use of the analytical shipment are 
also r acquired. ! 

Therefore, the applicants have identified a need for 
faster methods for microbial discovery, and apparatus 
therefor, particularly for use in a new application 
identified by the applicants, j 

SUMMARY OF THE INVENTION I 

Accordingly, the present invention provides a method 
for assessing ■ the selective enrichment of a microorganism 
able to metabolise a test substrate, the method comprising 
the steps of { 

e) providing a population of microorganisms in a 
vessel, J 

t) b) feeding fluid into the vessel at a controlled 
flow rate commencing with an initial flow rajbe, the fluid 
comprising a nutrient medium and, for at leafet part of the 
feed period, the test substrate, j 

c) providing a probe for producing a ^ignal 
indicative of the level of a metabolism indicator over the 
time-frame of the enrichment, and 

d) providing an output based on the signal to enable 
assessment of selective enrichment of a microorganism that 
metabolises the test substrate. 

The present inventors have found that the on-line 
determination of a change in the level of a petaboliam 
indicator, such as Cfe, as an indicator of cellular activity 
enables indirect measurement of biomass or sjubstrate 
utilisation and have identified that this ca|n be used to 
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evaluate the status of a population of microorganisms in 
real-time, The inventors have further tailored this 
technique for enriching microorganisms that ape capable of 
metabolising a test substrate, such as a hydrpaarbon 
compound for which a microorganism is desired to be found 
to convert the compound into a different hydrocarbon (s) 



and/or break the compound down with water as 
The technique developed by the inventors 



a byproduct* 
has further 



substrate in 



advantages in terms of its flexibility in discovering 
microorganisms capable of metabolising a test 
conditions selected by the operator, and potentially 
modified by the operator over time. All of thiis is 
evaluated in real-time without the need to separately 
measure substrate levels or determine biomase 
concentration . 

In a preferred embodiment, the method fujrther 
comprises presetting conditions to be met by the signal 
output to result in a change in the fluid flew rate, and 
changing the flow rate at which fluid is fed into the 
vessel when the conditions are met/ wherein the preset 
conditions are a predetermined period of tim^, and a 
preset value range within which the signal rnijst remain for 
the predetermined period of time. 

The flow rate of the fluid fed into the 
suitably increased from the initial flow rate cm meeting 
the preset conditions to reduce the hydraulic^ retention 
time, and thereby increase selectivity for a i microorganism 
that metabolises the test substrate. Increasing the flow 
rate of the fluid fed into the vessel will facilitate the 
selective enrichment of microorganisms which metabolise 
the test substrate more quiakly and therefor^ reproduce 
more quickly. In effect, the preset conditions should be 
set to define the maintenance of steady Btate in the 
culture over the predetermined time period - The 
predetermined time period may be in a time vnit of 
measurement (eg a number of minutes or hours) , or may be 
set by reference to a predetermined multiple) (including 



vessel is 
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fractions) of the hydraulic retention time of the vessel, 
Consequently it will be understood that the rteference to a 
predetermined time period need not be an exact , repeated 
number of hours, especially if the fluid flow rate is 
changed over time. 

The flow rate of the fluid fed into the tassel may be 
increased by increasing the flow rate of the test 
substrate. Further, the fluid flow rate may increased 
by increasing the flow rate of the nutrient medium in 
addition to the test substrate. If the level! of test 
substrate in the vessel is sufficiently high ftt is 
possible for the flow rate to be increased byj increasing 
the flow rate of the nutrient medium alone, an though this 
is not preferred. Where the flow rate of both the test 
substrcite and the nutrient medium is increased, it is 
convenient for the flow rates to be increased 
proportionally such that the concentration of) the test 
substrate in the fluid fed into the vessel renins 
substantially constant, 

The metabolism indicator used in the method of the 
invention may be the uptake or release of a nolecule 
involved in metabolism of the test substrate. According 
to one embodiment, the metabolism indicator lis selected 
from the group consisting of oxygen, carbon djioxide, 
sulfate, nitrate and iron. Preferably the metjabolism 
indicator is selected from oxygen, sulphate, (nitrate and 
iron, and most preferably it ia oxygen. | 

The signal of the level of the metabolism indicator 
is preferably provided as a visual output, si^ch as a plot 
of poi7Xts which represent the level of the metabolism 
indicator against time* The signal output o^ the probe 
will be an electrical signal , and therefore tjhe plot may 
be of the electrical output (eg current) agaijnst time. 
Otherwise, in the example of the metabolism ^Indicator 
being oxygen uptake, the electrical signal mejy be 
converted into oxygen concentration or oxyger| uptake rate, 
and this may be plotted against time* The pudput could 
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also be a numerical digital or liquid crystal 
visual output may conveniently be updated in period/ of 
less than 20 minutes. Ideally, the visual output is 
updated in periods of 10 mins or lees. 

The population of microorganisms used in 
of the invention may be a heterogeneous population, such 
as activated sludge, or may be a homogeneous population. 

The method of the invention may further ooraprise the 
step of subjecting the population of microorganisms to a 
mutagen, such as a chemical mutagen or ultra-violet light - 
The method of the invention may further comprise the step 
of isolating the enriched microorganism - 

The present invention further provides a 
microorganism when enriched or isolated by this method 
described above. 

According to the present invention, therms is also 
provided an apparatus for the selective enrichment from a 
population of microorganisms of a microorganism able to 
metabolise a test substrate, the apparatus comprising* 

(a) a vessel for receiving the population of 
microorganisms, a nutrient medium and the tesi; Substrate; 

(b) a probe for producing a signal indicative of the 
level of a metabolism indicator in the vessel ? 

(c) a supply mechanism for supply of ttos nutrient 
medium and the test substrate to the vessel ; 

(d) a controller for changing operation 
supply mechanism for at least one of the nutrient medium 
and the test substrate in response to the probe signal 
being within a preset range for a predetermined period of 
time, to thereby enrich for microorganisms capable of 
metabolising the test substrate. 

It will be understood from the following that the 
probe signal may be converted into another unit relating 
to the level of a metabolism indicator being measured by 
the probe* it will be understood therefore that the 
preset range for the probe signal may be set as a direct 
signal value, or indirectly by reference co the level of 
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the metabolism indicator/ or any other relate^ unit of 
measurement * Thus, according to one embodiment, the 
preset range for the probe signal is set by reference to 
the level of the metabolism indicator which 1; represented 
by the probe signal* 

Xn most situations, the controller will 5e set to 
increase the flow of nutrient medium and/or t ast substrate 
into the vessel in response to the probe signal meeting 
the preset conditions. This particularly enables the 
apparatus to select for microorganisms that metabolise the 
test substrate and reproduce quickly, as microorganisms 
not able to reproduce quickly enough will be Washed out of 



the apparatus. Thus, according to one embodiment, the 
supply mechanism operates to supply the nutrient medium 
and the test substrate to the vessel at an initial flow 
rate, and the controller is set to increase the flow rate 
from the initial flow rate in response to the probe signal 
meeting the preset conditions. However, it ip appreciated 



especially 



by the applicants that decreases could be set, 
in a later stage of an operation being conducted on the 
apparatus . 

Generally, the intention of pre-setting the range 
(upper and lower signal ranges) of the probe [signal is to 
identify when the culture has reached a steady-state. 
Once a steady state has been identified, it is possible to 
change the flow of fluid (nutrient medium anrij/or test 
substrate) into the vessel. 

The supply mechanism of the apparatus may operate to 
supply a mixture of test substrate and nutrient medium 
into the vessel, in a known ratio, or the supply mechanism 
may operate to supply the test substrate and nutrient 
medium separately. Many advantages flow froir independent 
supply mechanisms. Firstly, being able to sipply the two 
fluids separately offer more control to the iser in terms 
of modifying the conditions under which the nicroorganisras 
are required to metabolise and reproduce. Secondly, this 
offers advantages in terms of switching from one test 
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substrate to the next without changing the nuUrient medium 
fed into or supplied by the nutrient medium sipply 
mechanism. 

It is possible for the preset range of tie probe 
signal being surveyed by the controller to be 
the apparatus. However, according to a particularly 
useful embodiment, the controller comprises a user 
interface which enables the user to set the ubper and 
lower limits of the range. In the case where the probe is 
producing a signal representative of the level of oxygen 
in the vessel, the controller may allow the user to select 
the maximum and minimum levels in any appropriate unit of 
measurement , such as ml /I of oxygen to liquid in the 
vessel, biological oxygen demand (BOD), oxygei uptake rate 
(OUR) or similar. Of course, where the metabolism 
indicator being detected by the probe is anotler indicator 
such as carbon dioxide, nitrate, iron or so f srth, the 
controller may allow the user to select the maximum and 
minimum levels in the unit of measurement relevant to 
those signals. 

As indicated above, the probe signal must be within a 
preset range for a predetermined period of time before the 
controller will respond. The predetermined period of time 
may also be preset for the apparatus, however 
preferred that the user interface enables the 
this time period. 

Preferably the apparatus further comprises a display 
for providing a visual output of the probe signal over 
time and/or the level of other conditions existing in the 
vessel. The conditions which may be displayed include the 
pH, temperature, aeration level and so forth. 

Preferably r the user interface enables the user to 
set the pH level and temperature of the vessel, the supply 
means controls the supply of chemicals necessary to alter 
the pH, the apparatus includes tempera ture control means, 
and the controller controls the supply means and the 
tenqoerAture control means in response to chaiges made to 

Wmam KajASpccWl*^ CSiAcdoi 14/1 1/03 
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the pH and temperature levels set through the user 
interface. As will he understood, the provision of this 
function operated by the user enables the use:: to modify 
the conditions to select a microorganism able to 
metabolise the test substrate in specific conditions (eg 
high or low pH; high or low temperature etc) . Ideally, the 
pH and/or temperature controller operate to increase or 
decrease the pH and/or temperature incrementally in 



by the user. 



increments over a time period that can be set 

The user interface may further enable th* user to set 
other conditions that impact on the metabolism, such as 
the oxygen level or aeration rate. 



BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a schematic illustration of ^he apparatus 
of one embodiment of the invention. 

Figure 2 is a schematic illustration of Jfche apparatus 
of Figure l with further apparatus components!. 

Figure 3 shows the correlation between OpR and 
microbial activity as determined by conventional 
analytical techniques, as well as the correlation between 
different conventional analyses, using acetic] acid as the 
test substrate. 

Figure 4 shows the correlation between OtUR and 
microbial activity as determined by conventional 
analytical techniques , as well as the correlation between 



using sodiuir 



acetate as 



different conventional analyses, 
the teat substrate. 

Figure 5 shows the correlation between CUR and 
microbial activity as determined by conventional 
analytical techniques, as well as the correlation between 
different conventional analyses, using benzyl alcohol as 
the tezst substrate. 

Figure 6 demonstrates the correlation between a 
population change and BOD - the BOD and residual substrate 
concentration 
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Figure 7 demonstrates the correlation between a 
population ahange and BOB - the changes to the population 
as measured using viable cell counts and optical density. 

Figure 8 shows the increase in BOD after the addition 
of 1 -methyl -2 -pyrrol idinone to a culture. 

Figure 9 shows BOD during growth of microorganisms 
from activated sludge on l-methyl-2-pyrrolidi;ione. 

Figure 10 shows BOD output during growth of 
microorganisms from activated sludge using doiiecane as the 
test substrate w 

Figure 11 shows the output of the control, panel 
screen for monitoring enrichment in real-time!, with 



feedback loop between feed flow rate and bod added. 



Figure 12 shows the effect of flow rate 



an the BOD of 



a 1,3-propanediol-degrading microbial population 



DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 



The present invention provides a method for assessing 
the selective enrichment of a microorganism able to 
metabolise a test substrate. It will be understood that a 
^microorganism" means any microorganism, for exan^le, 
bacteria, fungi, yeast, protozoans, algae or viruses. Any 
of these microorganisms can be selectively enriched by 
designing the enrichment conditions to favouif the growth 
of a microorganism with a particular characteristic. 

It must be noted that as used herein, tie singular 
forms "a" , n an* , and ^the" include plural reference unless 
the context clearly dictates otherwise. Thus , for 
example, reference to a microorganism includes a plurality 
of microorganisms . 

As used herein, the term "enrichment"' m4ans an 
increase in the number of microorganisms in a. population 
which are able to metabolise the test substrate. 
"Metabolise" means to use the test substrate in a chemical 
reaction within the microorganism by either catabolism or 
anabolisnu Therefore a test substrate may used in a 
chemical reaction that combines the test substrate into a 
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more complex molecule, or may be used in a chemical 
reaction which breaks down the test substrate into a 
simple molecule. 

The "test substrate- is any substrate for which it is 
desired to screen for a microorganism able to) metabolise 
the test substrate and does not include subetiates which 
are commonly metabolised, such as glucose. Tfre purpose of 
the method of the invention is to arrive at a 
microorganism population that is able to metabolise the 
test substrate. Therefore the technique and tae controls 
required are very different to techniques where the 
substrate is known to be a substrate for certain 
microorganisms, or is a common substrate for i large range 
of microorganisms. Typically, the method of tie invention 
will be- used to selectively enrich microorganjlams which 
can metabolise an organic carbon-containing molecule. The 
term "organic carbon-containing molecule" reffers to 
aliphatic and aromatic hydrocarbons and derivatives 
thereof, including carbohydrates other than cbmmonly 
metabolised substrates such as glucose. Alternatively, the 
method of the invention may be used for the enrichment of 
microorganisms capable of anaerobic respiration 
metabolising for example, sulphur- containing taetabolism 
indicators or nitrogen- containing metabolism indicators. 

The method comprises the step of providing a 
population of microorganisms in a vessel. Itl will be 
clearly understood that the population of microorganisms 
may be a homogeneous population of microorganisms or may 
be a heterogeneous population of microorganisms. A 
homogeneous population may be useful to seledtively enrich 
for a microorganism by evolution. Where the population of 
microorganisms is a heterogeneous population this may be, 
for example, a microbial library or a heterogeneous 
population such as activated sludge. Activated sludge is 
the product that results when primary effluent of raw 
sewage is mixed with bacteria-laden sludge ar d then 
agitated and aerated to provide biological treatment in 
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order to speed the breakdown of organic matter in the raw 
sewage undergoing secondary waste treatment. The present 
inventors have successfully used activated eliLdge as the 
starting microbial population in the method of the 
invention to enrich for microorganisms able to metabolise 
a large number of diverse substrates under a diverse range 
of conditions. 

The fluid comprises a nutrient medium and the test 
substrate. A "nutrient medium" is a growth medium which 
conqorises all of the nutrients required for growth of a 
microorganism but essentially no amount of tb> test 
substrate or substrates similar to (eg in the same class 
as) the test substrate. The concept of "Similar 
substrates" to the test substrate is described below. The 
nutrient medium will depend upon the microbial population 
being enriched and the substrate being tested. However it 
is generally a nitrogen (ammonium) / phosphorus, sulphur, 
salt (eg Na, Mg, Ca) and trace matal-containi ig solution. 
For example, when the method of the invention is used to 
test the ability of Pseudomonas putida Fl to netabolise 
acetic acid, the nutrient medium may be that set out in 
the Examples below. The nutrient medium may contain a 
trace amount of the similar substrate providdd that the 
amount does not interfere witn the detection of the 
enrichment process. The amount of the similar substrate 
must be such that it does not interfere with detection of 
the enrichment process. Ideally, the nutriert medium 
contains no similar substrates. Por example, where the 
test substrate is an organic carbon-containirg test 
substrate the nutrient medium contains substantially no 
organic carbon- containing material. There is also the 
possibility that the test substrate could be used as the 
sole source of another nutrient other than cerbon, for 
example nitrogen or sulphur, in this case the nitrogen or 
sulphur would need to be eliminated fxx?m the nutrient 
medium or kept at a concentration that does not interfere 
with enrichment process. 
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Similar substrate" means a substrate whdjch the 



to the test 



abolise a 
a similar 



microorganism can metabolise as an alternative 
substrate. For example, where the method ie used to 
selectively enrich a microorganism able to cati 
particular organic carbon- containing substrate, 
substrate is an alternative carbon-containing substrate 
which the microorganism is able to catabolise. where the 
test substrate is a small hydrocarbon molecule, "similar 
substrates* to be avoided in the nutrient medium are other 
small hydrocarbon (including carbohydrate) molecules, such 
as glucose. 

The teat substrate may be fed into the vessel as part 
of the nutrient medium or separately to the nctrient 
medium. For better control, these fluids can is fed into 
the vessel independently. The initial flow rece at which 
the nutrient medium and test substrate are fed into the 
vessel, or hydraulic retention time, is choser by 
referen«3e to factors such as the starting population of 
microorganisms, the nutrient medium, the temperature of 
the vessel and the fluid, the pH of the fluid, and the 
stage of enrichment, and the vessel volume. Hydraulic 
retention time is a measure of the length of time that 
liquid remains in the vessel. It equals v/Q Jv - vessel 



hydraulic 



sm is made 
level of 



volume, Q - flow rate) . Typically the initial 
retention time will be relatively long in order to 
establish a steady state within the vessel. 

The selective enrichment of a microorganJ 
possible through the on-line monitoring of the 
metabolism indicator with the probe and the real-time 
output leased on the probe signal. 

As used herein, "on-line" means that the probe iB in 
direct contact with the contents of the vessel , be that 
the fluid in the vessel or gas in the headspace of the 
vessel, the probe taking readings in the veesJl itself or 
in a conduit through which contents of the veejeel may 
flow. The purpose of this arrangement i B to enable signal 
readings to be taken without removal of fluid If rom the 
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apparatus, including the vessel and any associated 
conduitB. Monitoring the level of a metabolisn indicator 
on-line alleviates the need for off-line analyses in order 
to monitor enrichment and therefore facilitates the real- 
time determination of enrichment, 

A© used herein, *real-time* means that the output of 
the level of the metabolism indicator is provided fast 
enough to enable the status of the microbial <Llture in 
response to a change in conditions to be determined, and 
intervention to occur if necessary. An example of 
intervention provided by real-time monitoring is that 
whiah prevents the loss of a microbial population in 
response to a change in the conditions of the population 
that does not enable metabolism of the test s ibstrate by a 
microorganism in the population. The frequency required 
to provide the output of the level of the met abolism 
indicator will depend upon the status of the anrichment 
process and the growth rate of the microorganLsm being 
enriched* The output of the level of the metabolism 
indicator should be updated in periods of 20 toinutes or 
less, ! 

The metabolism indicator may be any indicator of 
metabolism, for example a molecule consumed dtaring 
metabolism suah as oxygen, or a molecule produced by 
metabolism, provided only that the level of tne metabolism 
indicator is able to be monitored on-line and] used to 
provide an output of the level of the metabolism 
indicator. The metabolism indicators identified as being 
capable of being monitored on-line with a prcjbe are 
oxygen, carbon dioxide, sulphate, nitrate andj iron, These 
molecules act as terminal electron acceptors 
metabolism and probes are available for detecting levels 
of these molecules in solution. 

According to one embodiment, the oxygen 
(OUR) of the microbial culture may be used ac 
metabolism indicator, particularly for the identification 

oxygen to the 

pcaaoufMH/nAi 



uptake rate 
the 



of aerobes. This can be determined by adding 
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culture followed by the determination of a cfcwnge In the 
oxygen level after a specific time period. The OUR gives 
a real-time measure of both substrate utilisation and 
growth of the population. By using this value 
the biological oxygen demand (BOD) of the tes1; 
in the fluid fed into the vessel, the level o:l 
utilised can be determined. This is described further 
below in the examples. 

Similar calculations can be used for any other 
metabolism indicator and probe combination. For example r 
in the situation where the microbe is an anae::obe and does 
not use oxygen to respire during metabolism o! the target 
molecule, but instead uses sulphate as the terminal 
electron acceptor, a sulphate probe can be us.sd to monitor 
levels of sulphate* 

The method of the invention may further somprise 
subjecting the microorganism population to a nutagen. As 
used herein , a mutagen is .an agent which induces a change 
in the phenotype of a microorganism* A person skilled in 
the art will be readily able to determine a suitable 
mutagen, for exair$>le a chemical mutagen or an ultra-violet 
light with a wave length of 10 nm to 400 nm may be used. 

The method of the invention may further comprise the 
step of discovering the enriched microorganism. That is, 
isolating the enriched microorganism. Hiis step may be 
readily performed by the person skilled in the art using 
standard microbiological techniques. For example, where 
the enriched microorganism is a bacteria, a sample of the 
enriched culture may be plated onto solid nutrient medium 
which contains the test substrate, and the plate incubated 
under the conditions which enable enriched bacteria to 
metabolise the test substrate. Individual cclonies formed 
by the enriched bacteria can then be isolated., and 
subjected to further characterisation steps 5f required. 

Where not otherwise described herein, W e techniques 
employed in putting the invention into practi ce are 
conventional microbiological and chemical techniques known 
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within the art. Such techniques are well kno^n to the 
skilled worker, and are fully explained in th<a literature, 
See, eg., Sergey's Manual of Systematic Bacteriology; 
Bergey's Manual of Determinative Bacteriology The 
Prokaryotes, Starr , Stolp, Truper, Balows, Schlegel, 
editors; Handbook of Microbiological Media, A;las 
of Microorganisms, Brock, Madigan, Martinko a: id 
Methods for General and Molecular Bacteriolog; r 
Murray, Wood, Krieg, editors. 

The invention will now be described by w£y 
following non-limiting exanqples and drawings 
materials and methods similar or equivalent tfa 
described herein can be used to practice or tast 
invention, the preferred materials and method 3 
described. 



; Biology 
Parker; 
, Gerhardt, 

of the 
Although any 
those 
the 
are now 



EXAMPLE S 

Figures 1 and 2 illustrate an example of the 
apparatus of one embodiment of the invention . 
apparatus comprises a vessel or bioreactor l 
oxygen (air) injection means 2 and a dissolvejd oxygen 
measuring probe 3. The vessel ie alBo associated with a 
temperature control means, including a tenrpetjature probe 
4. The vessel also includes a stirrer 5 for 
contents of the vessel. 

Fluid is fed into the vessel through in3 
embodiment illustrated contains one inlet for 
combination of nutrient medium and test subst 
separate inlets for each may be provided. A 
mechanism (not illustrated) controls flow of 
the vessel via inlet 6. The supply mechanist!! 
to a nutrient medium supply well and a test subst^te 
supply well (also not shown) to enable the control of the 
ratio of the two fluids, and the flow rate iijito the vessel 
1. Overflow fluid is removed from the vessel 
outlet 7. 



The 
with an 



stirring the 

et 6. The 
feeding a 
rate, however 
supply 
fluid into 
is connected 



via fluid 
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The apparatus further comprises an inlet 



supply of acid and alkali for the control of J>H in the 



8 for the 



measured by 



;trated 



vessel. The pH of the fluid in the vessel is 
a pH probe 9. 

Further components of the apparatus illug 
include electronics plug© 13 , a sample line/diain 14 and a 
screw collar 15. Numeral 16 refer* to the veisel base and 
17 to the top of the vessel/stirrer. 

The apparatus according to the embodiment illustrated 
may be provided as a unit 10 containing the elements 
described above, together with a control unit 11. The 
control unit 11 of this embodiment ie under the control of 
a computer 12, which includes a monitor and a keyboard. 
The computer is programmed to provide a graphical user 
interface with the control program which al lours the user 
to control the parameters described in the Excinples that 
follow. The computer interacts with the control unit so 
that they together operate to control the supply mechanism 
to control the supply Q f fluids into the vessel in 
response to the probe signal. 

The apparatus of the embodiment illustrat ed provides 
a series of visual outputs, including the screen output 
illustrated in Figure 11. This output shows the settings 
entered by the user for defining the pH, temperature, 



aeration level, upper and lower limits of the 
range (measured in this case in terms of the ievel of 
oxygen, measured in mg l' 1 ) , the initial flow ::ate of inlet 
fluid, she flow increment (positive value represents 
increase) , and the predetermined time period 
set as a number of vessel volumes) . 

From this screen output, the screen can lie switched 
to an output of one of a number of graphs including those 
illustrated (with entries) in Figures 6 to 10 
The mechanical and program components of 



apparatus will be well understood to those skilled in the 
relevant arts, in the light of the functional description 
provided herein. 



probe signal 



which can be 



and 12, 
the 



UftlAo 
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in the following examples, the nutrient 
i defined medium (DM) prepared as outlined 



Tfiediuru used 
in Appendix 



1. 



EXAMPLE Is 



rate 



microbial 



putzlda 



added 



CORRELATION BETWEEN OXYGEN 
(OUR) AND MICROBIAL ACTIVITY 

To determine whether the oxygen uptake 
a true reflection of the activity of a 
population, OUR was compared with analytical 
that are typically used to evaluate microbial 
100 ml ahake flask culture of FseudomowM 
70007) that had been grown for 48 hours at 28 
190 rpm, then centrifuged and reeuepended in 
defined medium (DM) with no carbon source 
to inoculate DM that contained 1,5 or 2-0 g 1 
or 1,0 g l" 1 benzyl alcohol.. After inoculatidn 
was sampled periodically for determination of 
activity by conventional analytical technique 
viable cell number, optical density (600 nm) 
substrate concentration. OUR was measured 
minutes. These conventional analyses were 
OUR measured using the method of the inventiojn 
experiment was repeated three times, twice 
acid au the test substrate and once with 
The correlated results of the three experiment 
in Figures 3, 4 and 5. 

From the data shown in Figures 3, 4 and 
clear linear correlation between OUR and both 
consumption and biomaas concentration 
whether the substrate is acetic acid or benzyl 
The correlation between biomass and substrate 
shows a clear exponential correlation. This 
because the yield value (Y x / g ? grams of biomasjs 
substrate) is not a true constant and is 
dependent on growth rate which is changing 
during growth in batch culture (Mandelstam 
al. a Biochemistry of Bacterial Growth. 3** 



with 



benayl 



@021 



RATE 

(OUR) is 



1 :echniques 
activity. A 
Fl (ATCC 
>C shaking at 
L0 ml of 

was used 
1 acetic acid 
the culture 
microbial 
s such as 
and residual 
10 

with 

The 

acetic 
alcohol . 
s are shown 



every 
compared 



5 there is a 
substrate 
ss of 

alcohol . 
utilisation 
probably 
per gram of 



as 



acti .ally 
constantly 
el: 
Ed Ltion, 
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Blaokwell Scientific Publications , Oxford, UK 
method of the invention can therefore be used 
superior alternative to monitor the status of 
in real-time. This provides the operator with 



opportunity to rapidly refine the culture conditions or 



determine the effect on a culture of changing 
parameters which can affect the enrichment of 
population. 



1982) . The 
as a 

enrichment 
the 



the many 
a microbial 



the method 
fcformed wbich 



DEMONSTRATION Otf REAL -TIMS MONITORING OF A 
POPULATION CHANGS 

Tq teat and demonstrate the operation of 
of the invention, a control experiment was pe 
compared the output of the method with off- like 
measurements that are traditionally used to mbnitor 
microbial activity. Techniques that are typically used 
include measurement of the residual substrate 
concentration and/or measurement of biomass concentration 
(viable count and optical density). These methods were 
compared with the output of the present methoi to 
demonstrate the utility of the method. 

For these control experiments a steady sjtate culture 
of an Jteoherichia coli BL21DE3 wbich was supplied by 
Novagen (Novagen Inc., Madison, WI, USA) and Las expected 
to grow on glucose only was used. The culturje was 
established using 5 ml of an B. coli culture taken from a 
100 ml shake flask culture which had had beeil grown for 
17 hours shaking at 200 rpm and 30*C in defined medium 
with i.o g l" 1 glucose as the carbon source. 2 0. though the 
feed contained another substrate (benzyl alec hoi ), no 
growth on this substrate was expected because this 
microbial population was known to be unable tie use this 
carbon source for growth, when steady state lad been 
established, 10 mL of a lOOmL shake flask culture of 
PscudomonaB putida PI was added, me P. put; da Pi culture 
had been grown at 30°C for 17 hours, with shaking at 200 
rpm, in defined medium with 1.0 g V* glucose as the carbon 



WIW3 
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source. The p. putida Fl was supplied by the 
Culture Collection (ATCC) and was expected to 
benzyl alcohol and/or glucose t The OUR was 
change as a result of the increased microbial 
after the addition of P. putida. 

2,1 



American Type 
grow on 
expected to 
activity 



Growth of E m call and P. put! da on and in the 
presence of glucose and benzyl alcohol in 
defined medium in batch culture 

The success of this control experiment was dependent 

upon the ability of S. coli to grow on glucose in DM and 

grow in dm in the presence of benzyl alcohol (i.e. benzyl 

alcohol is not toxic to E. call) . Also of key iurportance 

was the inability of jsr. coli to grow on benzyl alcohol. 

Similarly, it was important to demonstrate growth of 

P. putida on benzyl alcohol. Although P. putida is well 

known for its ability to grow on a wide range of aromatic 

substrates (Wackett, & Hershbe*ger, 2001) , growth on 

benzyl alcohol has not been reported- The abijlitiy of each 

of the two strains to grow under the conditions used in 

the method is shown in Table 1. The optical density at 

inoculation was calculated (baaed upon the oftical density 

on the inocula) as 0.021 (E. coli) and 0.02S (P. putida) . 

The cultures were incubated shaking at 200 rjm and 30 Q C- 

The optical density was measured at 600 nm alter 

incubation for ^3.5 and 75 hours. 
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Table 1: Growth of E\ coli and p. putida on 
benzyl alcohol in batch culture. 



carbon source 



IS 024 



glucose and 



Organism 

(optical density at 600 na af|er 33- B 
ana 73 hours incubation) 



Glucose 


Bensyl 


«- coli 




P. putida 




(0.1 g 1-*) 


alcohol 


23.5 


75 


93*5 hours 




(1.0 9 I"*) 


hours 


boors 


75 hours 


Not added 


Nob added 


0,02$ 


0.027 


0.050 


0.046 


+ 


Nob added 


O.H6 


0.102 


0.170 


0.139 


* 




0.102 


0.097 


0*042 


0.353 


Nob added 


+ 


0.027 


0.024 


0.021 


0,417 



dear 



From the data shown in Table 1 it is 
E. coli can grow on glucose in DM and cannot 
benzyl alcohol in dm, but will grow in the 
1-0 g benzyl alcohol. It is important that 
able to tolerate benzyl alcohol as this will 
the feed fluid for the entire experiment. It 
establised that P. putida was able to grow in 
containing both glucose and benzyl alcohol 

2.2 



pr ?sence 



that 
jrow on 

of 

E. coli is 
3 q present in 
*as 
DM 



Measurement of a characterised population shift 
using the method of the invention 

DM was inoculated with coli to give a starting 

optical density (measured at 600 nra) of 0.06 and then 

operated in batch mode for 19 hours during whLch time the 

BOD increased to approximately 200 mg 1"*. The BOD then 

declined rapidly indicating that the glucose in the medium 

was exhausted. When the fresh medium was pumped into the 

vessel the BOD increased again, peaking at Just over 

200 mg l" 1 before stabilising at ~185 mg l" 1 . 

calculated BOD for a feed fluid containing 0. 



3ased on the 
5 a 1-* 



glucose the bod 
calculation below) . 



scted to be 178 mg 1" (see 



CSROifaG 14/1 l/H 
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Balance the stoiehiometry of the following equations 



CeH w 0 6 + 0 2 -» CO* + H 2 0 



i.e. 



C*H a2 0 6 + 60 2 6CO a + 6H 2 0 



Theref ore = 



Complete oxidation of 1 tnol of C 6 Hi a O € requires 6 niol of O; 



Convert from moles to grams: 



180.2 grams of CcH^O^ requires 32 x 6 



crania 0 2 



ISO .2 g of C € HiaOe requires 192 g of 0 a 



Concentration of glucose in the feed *> 

therefore s 

0.5 g of CgHi 2 0* requires 0-53 g of 

Therefore the Chemical Oxygen Demand 

COD = 530 me l" 1 



The BOD is assumed to be one third of the CODs 



BOD = 178 mg l" 1 



5 g r 1 , 



(COD) 



The correction factor for conversion of 
was determined experimentally using acetate 



COD to BOD 
the carbon 



as 
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source. The BOD of a known concentration of acetate was 



calculated 
the 
assumed that 



determined experimentally and compared to the 
COD for the same concentration of acetate and. 
difference was found to be three-fold. Xt is 
the same conversion factor can be used for a ; range of 
readily biodegradable substrates. 

The actual BOD was slightly higher than :he 
calculated BOD for the substrate due to background 
respiration of the culture. Background respiration can be 
attributed to maintenance energy production aid is 
therefore dependent upon the biomass concentration in the 
react or. As the substrate concentration was ralatively low 
the biomass concentration was also low and sinilarly the 
background respiration was low. Background respiration can 
be determined after the culture has reached steady state. 



The feed fluid flow is reduced to 0 ml h" x anc. 



a rapid 



decrease in BOD is observed. Despite the absence of any 
readily degradable carbon the BOD is usually breater than 
zero. After a period of stabilisation the bod| will attain 
a steady value which is an indication of the background 
respiration. 

Bused on the BOD it was clear that steady state had 
been attained (it is generally assumed that steady state 
has been established after turnover of a least three 
vessel volumes which, in this example would occur after 
37.5 hours). After 125.7 hours (equivalent tc 10 vessel 
volumes) of continuous operation, P. putida >as added to 
the culture. Initially, there was no change in the BOD so 
to ensure p. putida was not being washed out of the vessel 
the feed flow rate was reduced from 60 ml IT 1 to 30 ml h" 1 . 
The BOD increased slowly indicating that degradation of 
benzyl alcohol was beginning to occur. This observation 
was confirmed by measuring the residual benzyl alcohol in 
the culture supernatant, which had started tc decrease. As 
the P. putldst population developed the BOD it creased/ 
peaking initially at nearly 1400 l~ x before declining to 
1050 mg r x after which a second peak in the HOD was 
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observed. The reason for the oscillation in the BOD is not 
clear although before reaching steady state microbial 
populations can demonstrate oscillations as tie system 
equilibrates. After the second BOD peak, the BOD 
stabilised at 1040 mg l" 1 which was the expected BOD for a 
feed containing 0.5 g l"* 1 glucose and 1.0 g l't benzyl 
alcohol (see calculation below) . 



Balance the stoiohiometiy of following ebuation? 



C 7 H a O + 0 2 -» COa + H2O 



i.e. 



2C 7 H b O + 170 3 -* 14C0 2 + 8H 2 0 



Therefore : 



Complete oxidation of 2 mol of C 7 H s O requires 

Convert from moles to grams: 

108,1 * 2 grams of C 7 H b O requires 32 x 17 

216.2 g of C 7 HaO requires 544 g of 

Concentration of benzyl alcohol in the feed 

therefore: 



x . 0 g of C 7 H60 requires 2 . 52 g of p 2 
Therefore the Chemical Oxygen Demand ^COD) 
COD = 2515 mg l~ x 



The BOD is ass umed to be one third of tjie COD: 



17 mol of 0 2 



grams O3 



O* 



- 1.0 g I" 1 / 
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BOD « 839 mg I' 1 

As the feed contains both 0.5 g l^ 1 glucose «uid 1.0 g I" 1 
benzyl alcohol expected Evolver output when toth substrate 
are being used by the microbial population irj the reactor; 



©028 



BOD « 839 + 178 = 1017 rag 1 



The feed comprised of DM containing 0.5 
and l.o g I" 1 benzyl alcohol was fed into a ve 
and pH 7, The feed flow rate was initially 60 



<r l" 1 glucose 
ssel at 30 ft C 
ml h" 1 . As 



shown in Figure 6, after inoculation of the riactor with 



:.sms which 
growth was 



JSr. coli (Arrow A) , a population of microorgan: 
could only use glucose as a carbon source for 
established (Arrow B) . p. pufcida, which can usi benzyl 
alcohol as a carbon source for growth, was th«sn added to 
the reactor (Arrow O and the feed flow rate was reduced 
to 30 ml h" 1 (Arrow J)) . A resultant increase i i BOD and 
decrease in benzyl alcohol concentration were 
(Arrow E) . The residual benzyl alcohol concentration was 
estimated using gas chromatography. At the sane time that 
the BOD stabilised the measured residual benzyl alcohol 
concentration was zero. Interestingly, with a 
rate of 30 ml h" 1 steady state was expected to 
after 75 hours. However, based on the BOD, at 
that was not achieved until 94 hours after th 



feed flow 
be attained 
ady state 
fead flow 



rate was reduced from 60 ml h" 1 to 30 ml hf l . pirom this 
observation the microbial discovery process will be 
improved by waiting at least four vessel volumes before 
assuming a microbial population has reached steady state. 

During the course of the experiment the Momass 
concentration was also monitored as was the n\,mber of 
benzyl alcohol -degrading microorganisms in th« population 
(Figure 7) . Viable cell number* were estimated by plating 
samples of the culture (diluted in DM with no added carbon 

HWnMC &3pcxXFStU9 CXffiOdoc 14/1 i/H 
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source) on to solid DM containing either l.o t, l" 1 glucose 
or l.o g l- 1 benzyl alcohol. The optical density of the 
culture was measured at 600 nm; samples were diluted in 
water if the optical density was greater than 0.4. After 
inoculation of the reactor with E. coli (Arroi/ A) , a 



12 029 



use glucose 



population of microorganisms which could only 
as a carbon source for growth was established 
which can use benzyl alcohol as a carbon source for 
growth, was then added to the reactor (Arrow JW . A 
resultant increase in optical density, the toUal number of 
viable cells and the number of cells that could grow on 
benzyl alcohol, was observed (Arrow C) . The observed 
increase in biomass concentration (Figure 7) < correlated 
with the increase in BOD shown in Figure 6, The s. coll 
population growing on glucose and at steady st:ate 
contained 2.52 x 10* ofu (colony forming unite) ml" 1 of 
culture, none of which could grow on benzyl a!.cohol. The 
inability of the S. coli population to grow on benzyl 
alcohol was confirmed by plating undiluted cul.ture onto 
defined medium with benzyl alcohol as the only carhon 
source. Immediately after addition of P. puti<ia to the 
culture the number of microorganisms growing on benzyl 
alcohol increased to 4.47 x 1Q 6 cfu ml" 1 , in parallel with 
the increase in the BOD, the number of microorganisms in 
the population capable of degrading benzyl alcohol 
increased. As expected, the total number of bonzyl 
alcohol -degrading microorganisms wad the optical density 
of the culture increased as the BOD increased and the 
benzyl alcohol concentration decreased. When uhe 
population approached steady Btate the number of benzyl 
alcohol -degrading microorganisms had increase* L to greater 
than 10 xa cfu ml- 1 (Figure 7), an observation clearly 
reflected in the BOD. These data demonstrate uhe utility 
of BOD for on-line real-time monitoring of thi status of a 
microbial discovery process • Unlike the BOD, both analysis 
of residual benzyl alcohol concentration by gas 
chromatography and off-line measurement of biomass 
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instant 



concentration take time and do not provide an 
assessment of the activity of a microbial popiolation. 

Using an experimental procedure which ens*bled the 
development of a microbial culture growing exclusively on 
glucose and the introduction of a population 
could be readily characterised, on-line BOD a|nd off-line 
data from conventional analytical techniques 
compared. Comparison of the BOD with off-line analyses 
such aii optical density, viable count and residual 
substrate concentration clearly demonstrated that the 
changes* observed in the off-line data were also observed 
in the BOD. The inverse relationship between BOD and 
residual substrate concentration that was demonstrated in 
batch culture was also observed in the continuous system* 
These data demonstrate the utility of BOD fox 
time monitoring of the effect of changes to a 
population growing in continuous culture* 



12030 



EXAMPLE 3 



USE OF BOD FOR MICROBIAL DISCOVERY 



use in real- 
microbial 



of the 
this 



Discovery of 1 -methyl- 2 -pyrrolidinone-utilisiJng 
micxroorgani sms 

Discovery of l-methyl-2-pyrrolidinone-ut(ilising 
microorganisms was performed using the method 
invention by imposing selective pressure (in 
ability to utilise 1 -methyl -2 -pyrrol idinone els a sole 
source of organic carbon and energy) in uniscn with BOD, 
Th« method was performed in the apparatus of Figures 1 and 
2, A population of microorganisms with the required 
characteristics was readily established* 

Fcesh activated sludge sourced from a wastewater 
treatment facility was used as the source of 
microorganisms for enrichment of l-methyl-2-iyrrolidinone- 
utiliBing microbes* As 1 -methyl -2 -pyrrolidine me is soluble 
in water it was added to the feed fluid at tie l g l" 1 
concentration. The enrichment process was pea formed at 



30*C and pH 7,0 (the pH was maintained at 7.( 



the 



by the 
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automatic addition of a potassium hydroxide or 
hydrochloric acid solution as the alkali and icid, 
respectively) . The feed flow rate was 60 ml h 

After the addition of the activated sludje to a 
vessel the BOD was high (greater than 500 rag L" 1 ) , The 
activated sludge had a high initial BOD because it 
contained residual readily biodegradable carbon which was 
gradually degraded, resulting in the observed gradual 
decline in BOD before the addition of l -methyl - 
2-pyrrolidinone. After 2 ml of l-methyl-2-pyrrolidinone 
was added to the vessel (Arrow A; Figure 8) a rapid rise 
in BOD was observed indicating exponential growth 
(Figure 8) . This data can be used to calculate 
(maximum doubling time) for the population that is growing 
on the substrate. Growth is exponential between 1220 and 
1460 minutes and can therefore be calculated as 
0.52 h* 1 , which corresponds to a doubling time* of 
1.34 hours. The rapid decline in BOD (Arrow JE, Figure 8) 
was due to the oxygen consumption of the microbial 
population being greater than the amount of cxygen 
supplied to the culture. 

After initial batch operation, the ByBtem was 
operated in continuous mode (Figure 9) and tie feed fluid 
was increased to a flow rate of 60 ml h" 1 . It should be 
noted that when the feed was started the BOD appears to be 
very low. This is not a true reflection of tie status of 
the culture; the BOD was in fact off -scale (too high) and 
could not be measured accurately- After the ieed punp was 
started a second exponential rise in BOD was observed 
which could be attributed to unbalanced growth. The 
culture will take a period of time to adjust to the fluid 
flow rate with the usual result being a build-up of the 
limitiag nutrient that is then rapidly deplet ed as all 
nutrients are once again in excess. The rapi<: decrease in 
BOD afber the exponential rise signifies depletion of 
excess 1 -methyl -2 -pyrrol idinone as the systeti approaches 
equilibrium- The BOD then stabilised at appr< .ximately 
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800 rcg l- 1 , which is the expected value from 
containing 1.0 g l" 1 1 -methyl- 2 -pyrrolidine**© 
calculation below) : 



01032 



feed 
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Balance the stoichiometry of the following equation: 
C 5 H 9 0Nr + Q 2 -* CQ 2 + H a O + MH a 
i.e. 

^CrflsON + 270 2 20CO 2 + 12H 2 0 + 4B^H 3 
Therefore : 

Complete oxidation of 4 mol of C s H^0 2 require^ 27 mol of 0 2 

Convert from moles to grams 

99.13 x 4 grama of C s HgN0 2 requires 32 x 2(7 grams 0 2 

396.5 g of CsHsNOa requires 864 g 0 2 

Concentration of 1 -methyl -2 -pyrrol idinone iji the feed « 

1 g therefore: 



@033 



1 S of C5H9NO3 requires 2.18 g of 
Therefore the Chemical Oxygen Demand 
cod o 2180 mg I" 1 



Pa 

COD) 



The BOD is assumed to be one third of the COD 



BOD = 726 mg l*" 1 



The calculated BOD for 1 g l" 1 i-methyl- 
2 -pyrrol idinone is less than the measured BOD 



output. Once 



WtUU 
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again, the difference ia probably due to background 
respiration. As expected, when the flow of ths feed fluid 
was reduced to 0 ml IT 1 the BOO dropped rapid! i 
remained constant at approximately so to 120 
background respiration needs to be subtracted 
measured BOD output to give a true indication 
and therefore the measured and calculated BOD are 
approximately the same. The absolute BOD is not critical 
for the success of the method of the invention. For 
microbial discovery the relative value gives a better 
reflection of the status of a discovery process. For 
example, the large peak in BOD at the start cf the 
experiment < Figure 9) gives a clear indication of 
microbial attack of the substrata. The calculated BOD can 
be used as a gu^de to select substrate concentrations and 
other operating parameters. For example by calculating the 
BOD of a particular substrate the operator can ensure that 
the substrate concentration in the feed does not exceed 
the measurable BOD output. 

After 116 hours the feed fldw rate was increased to 
120 ml IT 1 and shortly after the 1 -methyl - 2 -p] Tro! idinone 
concentration in the feed was increased to 2 g l" 1 (data 
not shown) . This was continued for a further ss hours 
after which a sample was taken for isolation of pure 
cultures of the microorganisms that were present in the 
culture. The sample was heavily aggregated wdth large 
floes present and microscopic examination re-iealed a 
culture that was dominated by a non-motile re d with a low 
number of motile rods also being present. Th«! senile was 
plated onto solid defined medium with l-methyl- 
2 -pyrrol idinone as the sole carbon source and the plates 
incubated at 30°C for -40 hours. From these plates three 
isolates, designated 2A f 2B and 2C, were purified. Based 
on microscopic appearance and colonial morphology 2A and 
2C were assumed to be the same organism and : c was pursued 
no further. 



H/li/03 
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The characteristic** of the pure isolates! are shown in 
table 2: 



Table 2* Colony morphology and microscopic chkr^oterietics 
of the l-methyl~2^pyxrolidinone-degrading isolates 
designated 2A and 2B. 1 



Colonial 
JttQggfaoloar 



Isolate SB 
Microscopic Colonial 
appeaywneo morphology 



Microscopic 



Mucoid 



SCrtii opaque 
Off 

Whito/grey 
colour 
2-4 mm 
diamotOJf 

Slimy 

Apparent 

f luocescence 



Rod shape 

Slight 
motility 



SUghtltf cent, 
Slightly mucoid possibl^f cocci in 
chains 



Yellow/white 



Nan motile 



Short rods 1 mm diameter Oooco-toJoilli 



Gram 
negative 



Hound colonies Gram positive 

Apparent 
fluorescence 



The ability of the pure isolates to grow Ion 1 -methyl - 
2-pyrrolidinone a* the sole source of carbon in liquid- 
culture was also evaluated (Table 3) . The cultfurea ware 
grown in so ml screw-capped plastic tubes thai contained 
10 ml of defined medium and l.o g r 1 1 -methyl! 
2-pyrrolidlnone. To ensure each culture was iloculated 
with a consistent number of cells, 10 ml of mldium was 
seeded with 100 /il of a single colony that hai been 
resuspeaded in 1 ml of dm. The cultures were Incubated at 
30 »C shaking at 190 rpm. A single 10 ml culture was 
harvested by cent rifugat ion at each time point and the 
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supernatant kept for determination of the 1 -methyl - 
2 -pyrrol idinone concentration. The 1 -methyl - 
2-pyrrolidinone concentrations were estimated using gas 
chromat ography 

Table 3: X-methyl-2-pyrrolidinone degradation by isolates 
2A and 2B. 



H»a±dual l-ttetUyl-2-pyixolilinona 
concentration (mg l"*) 
?dma after tminoculated 
inooulation (h) Control 
24 



IflOlafce ax 



Xselabf 



48 

72 
96 
160 



1000 

650 
B70 
900 



ND a 
ND 

HD 



ND 
ND 



El 036 



a Not detected (limit of detection «. 20 mg l" x ) . 

The results show that from a large mixed population 
{activated sludge) two isolates were obtained that were 
able to use 1 -methyl -2 -pyrrol idinone as the eole source of 
carbon. Both these isolates were able to eomf 
degrade 1.0 g 1°- 1 -methyl - 2 -pyrrol idinone in 
within 24 hours. 

Tile BOD output demonstrates the usefulness of BOD 
a real-time monitor of the status of a culture 
changes to the operating conditions are reflected almost 
immediately in the visual output. This enables the 
operator to make changes and note the responce of the 
culture rapidly without ths— ^requirement for c f f -line 
analyses which are time consuming and result 
before the ef feet— of-a-change— can be assessec. 
Additionally, growth on 1 -methyl - 2 -pyrr ol idir one was 



letely 

batch culture 



in a delay 
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demonstrated without the need for development 
for thd substrate. This has the added benefit 
insoluble substrates (see Example 4) can be 
can be difficult to assay because a 
cannot be taken and analysed easily. 



EXAMPLE 4 



represent ative 



of an assay 
in that 
assessed which 
sample 



DISCOVERY OF DODSGaNB-UTXXiXSTNp 
MICROORGANISMS 

Discovery of dodecane-utilising microorgjanisms was 
performed using the method of the invention, 
selective pressure (in this case the ability 
dodecane as a sole source of carbon and enargjy) in unison 
with monitoring the BOD output, a microbial population 
with the required characteristics was readily 
As dodecane is practically insoluble in water 
into tlx© culture using a separate peristaltic 
flow rate of 0.79 ml h" 1 . The purpose of this 
to discover microbes that could hydroxylate : 
hydrocarbons. This is extremely difficult to 
convention chemical (non-microbial) techniqjuejs . 

Fresh activated sludge sourced from a wsstewater 
treatment facility was used as source of microorganisms 
for discovery of dodecane-utilising microbes 
was conducted on the apparatus of Figures 1 dud 2. The 
discovery process was performed at 30 °C and iH 7.0 (the pH 
was maintained at 7.0 by the automatic addition of a 
potassium hydropcide or hydrochloric acid solution) . The 
feed waB comprised of DM that had no carbon source added 
and the feed flow rate was initially 30 ml h' L and the flovi 
of dodecane was 0.79 ml IT 1 . The experiment was conducted 



over 137 hours then the apparatus coiqponents 
restarted (using the same culture) (Arrov B) 
flow rate of 60 ml h" 1 (tha dodecane flow rate 
unchanged) - After 330 hours of operation the 
sampled to enable isolation of dodecane -degrading 
microorganisms (Arrow C, Figure 10) * 



9037 



By imposing 
to utilise 



established, 
it was fed 
pump at a 

example was 

inear 

achieve using 



cleaned and 
with a feed 

was 
fluid was 
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Although the BOD output was variable , cljsarly a 
population of dodecana-degrading microorganisms had been 
established. The population took somewhat longer to 
establish than was observed with the water soluble 
substrate l -methyl- 2 -pyrrol idinone. Two possible 
explanations for this observation are (i) the variability 
of substrate flow resulted in gradual washout of any 
dodecane-degrading population that may have become 
established and/or (ii) the insoluble nature of the 
substrate reduces microbial attack resulting in slower 
growth. A combination of gradual washout and an insoluble 
substrate could result in reduced degradation of the 
substrate because the enriched population may be producing 
surfactants or similar molecules that assist in 
solubilising the substrate. Gradual washout would 
continually reduce the concentration of any surfactant- 
type molecules further decreasing the accessibility of the 
substrate resulting in a continual compounding negative 
effect- In this experiment dodecane was fad into the 
reactor using a peristaltic pump which resulted in the 
variable bod output. Syringe pumps or peristaltic pumps 
can be used to feed insoluble substrates intc the culture, 
however a syringe pump 1b preferred because the product 
contact components of a syringe pump are compatible with a 
wide range of chemicals. 

The BOD output ie eignifioantly less tfcdn the 
calculated value based on the COD of dodecane 1 (see 
calculation below) . 



KSmm 
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Balance the stoichiometry of the following equation: 
CiaH 2 tf + 02-* CO3 + H a 0 
i.e. 

^CiaHae + 370 a -» 24C0 2 + 26H 3 0 

Therefore, complete oxidation of 2 mol of Ci 2 $2g requires 37 

mol of O2 

Convert from moles to grams: 

170.3 x 2 grams of CiaHa* requires 32 x 37 

340.6 g of Ci2H2$ requires 1184 g o 



Assuming the concentration of dodecane in 

1 g l" 1 * therefore: 

1 g of CiaHas requires 3.48 g of 

Therefore the Chemical oxygen Demand 

COD » 3480 mg l" 1 

The BOD is assumed to be one third of 

BOD - 1158 mg l' 1 

Actual flow rate of dodecane - 0.788 ml h" 1 



Therefore the estimated dodecane concentrat 

0.59l/60ml = 9,85 g l" 1 



Expected COD « 28861 mg I" 1 and BOD - 9620 mg 1"* 



grams O2 
the feed 



(COD) : 



:he cod: 

- 0.591 g h" 1 
ion in feed « 
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This result was unexpected although it csuld be 
explained by the Insolubility of the substrata. Aa 
dodecane is less dense than water it will teni to float to 
the surface of the culture, particularly duriEg the 
measurement of oxygen uptake where aeration hks stopped 
and the stirrer has slowed. Much Of the dodecane may be 
washed out in the overflow. The meaaured BOD Ly also be 
an indication of the amount of substrate that is 
accessible to the microbial population and that is limited 
by the solubility of dodecane in water. 

After 207 hours of growth on dodecane a 
taken from the enriched culture for isolation 
cultures. Microscopic examination of the sample revealed a 
range of rod-ahaped bacteria both short and filamentous. 
Cocci-shaped bacteria were also evident and a 
motile rods were also observed. The sample was plated onto 
solid DM with dodecane as the sole carbon source and the 
platBs were incubated at 30°c for -48 hours. 



iample was 
of pure 



plates four isolates, designated 1A, IB, lc a^id id, were 



purified. Based on microscopic appearance and 
morphology 1A and ID were assumed to be the s|me organism 
and ia was pursued no further. 

The characteristics of the pure isolates 
table 4: 



i^rom these 



colonial 



are shown in 



M/1IA9 
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Table 4 a Colony morphology and microscopic 
charact eristics of the dodecane -degrading isolates 
designated IB, ic and ID. 



Xaolafce 1b 

Colonial 
awcpholo gy 

Shiny 
Round 

colour 

-1.4 mm 
diameter 



Xeol*te lc Zaolate 3J 

KiorPBcopli? Colonial Kic^acoplo Colonial 
ttgp eft Y tt ttc o morphology ipptarmc« morphology 



Bu41 



CooCO- 
bacilli 

Nan-motile 

Gram 
negative 



Fried egg 
appearance 

Targot 
shaped 

3-6 mm 

diameter 

Apparent 

fluorescent 

halo 



Long and 
chert rodjs 

Motile 



Microscopic 
appearance 



negative 



Small uneven 
eolonlaa 

Crinkly 
appearance 

Off White 
colour 

Kaay/epaqile 



The ability of the pure isolates to grot* 



as the sole source of carbon in liquid culture was also 
evaluated and is shown in Table 5. The cultui 



es were gi-ow n 

in 50 ml screw-capped plastic tubes that contained 10 ml 
of defined medium and 0,75 g l" 3, dodecane. To ensure each 
culture was inoculated with a consistent numker of cells, 
10 ml of medium was inoculated with 100 pi of a single 
colony that had been re suspended in 1 ml of IM. The 
cultures were incubated at 30°C shaking at is g rpm. 
Residual dodecane was extracted by the addition of 20 ml 
of hexane to a single 10 ral culture at each time point. 
The tube was shaken vigorously for one minute i and after 



Long roda 

Non-motile 

Gram 
negative 



on dodecane 



phase separation, the upper layer was kept for 
determination of the dodecane concentration. 



concentrations were estimated using gas chromatography 



The dodecane 
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Table 5 a Dodecane degradation by isolates IB 



K^pidual dodecane concentration (mg X' 1 ) 



Time af tar 

inoculation 

00 



T 7n .1 no cul at ed 
Control 



isolate 08 



Xoolata 1C 



24 
48 
72 
96 
168 



B20 
800 
200 
740 

740 



920 
160 
420 
270 
290 



630 
620 
440 
440 
280 



The results show that from a large mixed 



@042 



, 1C and ID, 



isolate li> 



1000 

520 

740 

410 

310 



population 



(activated sludge) three isolates were obtaired that were 
able to use dodecane as the sole source of csrbon. In 
batch culture the isolates were able to use (over a 
1SB hours period) 50 to 60% of the dodecane fdded to the 
culture. The rate of dodeaane utilisation is substantially 
slower than 1 -methyl -2 -pyrrol idinone which mey be due to 
the difference in the solubility of the two qoupounds 
(dodecane is practically insoluble in water) 
insolubility of dodecane may impose mass transfer 
limitations which will slow growth and utilisation of the 
substrate significantly. The variability in the gas 
chromatography data from the batch experiments highlights 
the difficulties associated with analysis of 
concentrations of insoluble substrates. This 
be partly overcome by monitoring bod, as oxyAen 
consumption can be used as an indirect indicator of growth 
on the substrate. 



problem can 
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EXAMPLE 5 



analytical 
ile of using 
le the 
ib following 



DISCOVERY OF OLIVE OIL-UTILISING 
MICROORGANISMS v 

The use of olive oil as a feed fluid highlights 
another of the advantages of the method of ths invention, 
which is microbial discovery in extreme envir aoments . 
Olive oil ia a heterogeneous substrate of whi3h 
development of an analytical method for measuring 
consumption would be difficult. Monitoring BOD enables 
demonstration of growth on this complex substtate without 
the requirement for the development of compl 
methods. The isolation of microorganisms cap 
substrates suoh as olive oil for growth may 
discovery of lipases with useful properties. pM ^ 
experiment was performed to facilitate not only the 
isolation of olive oil -degrading microorganisJris but also 
to enrich microbes that can tolerate a very broad »h 
range. 

The vessel was filled with activated eluige and 10 ml 
of olive oil was added. The BOD rose rapidly and peaked at 
-1700 mg 1"*. The rapid onset in the ability to degrade 
olive oil in a population of microorganisms f::om activated 
Bludge is not unexpected as the presence of tills type of 
substrate in the influent streams of wastewater treatment 
facilities i B highly likely, After the peak ii BOD was 
observed (20. s hours) olive oil was fed continuously into 
the vessel as was a separate stream from DM ntjced with 
activated sludge in the ratio 4;i. The pH set point was 
reduced to pH 4.o and after 225 hours the feed medium was 
changed from a mixture of dm and activated slAdge to dm. 
No changes were made to the conditions for l 3 a hours 
(equivalent to li vessel volumes) and the BOD of the 
culture remained high. Prom these observation! it was 
concluded that a microbial population had been established 
that could use olive oil as the sole source or carbon at 
PH 4.0. 

The olive oil flow rate was reduced to 0.061 ml h" x 
and the feed was again changed to a mixture ol activated 
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sludge and DM. These conditions resulted in a 
activity (bod in the range 1200 to 1500 rag 1~ 3 ) 
458 hours the pH sot point was changed to pH £.2, the feed 
was again changed to DM without any additions 
flow rate was increased to 66 ml IT 1 . The conti 
unchanged for 55 hours (4,4 vessel volumes) aid the BOD 
stabilised at -1700 xng V 1 indicating that a population of 
microorganisms had been established that was jsapable of 
using olive oil as a sole source of carbon at 

The next phase of the experiment evaluated the 
ability of the microbial population that had peen growing 
at pH 2, 2. to respond to an increase in the pH 
culture. At 555 hours the pH set point was increased to 
9.0. A further increase in the pH set point f:rom pH 9.5 to 
10 resulted in another decline in bod indicating washout 
and/ or death of the microbial population. Interestingly, 
when the pH was reduced by just 0.S of a pH uuiit the 
culture recovered with the BOD increasing exponentially. 
The culture showed significant sensitivity to pH values 
greater than 9.5. The reason for this observation iB not 
clear however two possible explanations for the increased 
sensitivity to pH 10 could be (i) one of the irtedium 
components was insoluble at pH 10 resulting in significant 
nutrient limitation and a decline in bod or (:.i) the 
microbial population present in the culture hud not 
adapted to growth at pH 10. The culture was maintained at 
pH 9.5 for 12S hours and clearly a population of 
microorganisms growing on olive oil as the soi.e carbon 
source at pH 9-5 had been established. It cannot be 
concluded that this population also has the potential to 
grow at pH 2 because the time taken to establish this 
population may have resulted in the development of a 
totally new population that is better adapted to growth 
under the new conditions. 

Over a 37 day period growth of a microbial population 
on olive oil at a range of pH values was demonstrated 



two extremes Of pH were 2.2 and 9.5. Clearly iticrobial 



The 
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activity could be demonstrated at these pH va 
those data were then used to develop an 
oscillation system; this system was designed 
the isolation of microorganisms with toleranc^ 
pH range with the view to isolating enzymes 
microorganisms which exhibit similar pH' tolerance 
activity and stability) ♦ 



automatic 



f com 



Lues and 
P H 

o facilitate 
to a broad 
these 
(both 



EXAMP&B 6 



and 



o : 



DEVELOPMENT OF & FEEDBACK LOOP 
PLOW RATE AND OUR 

A feedback loop between feed flow rate 

developed to enable the maximum growth rate 

population to be established using an automated 

The maximum growth rate of a population is an 

parameter as this is likely to give an indication 

rate of flux through a metabolic pathway. 



sen) 
that 



6.1 Design of feedback loop 

The feedback loop uses the limiter that 
remains within a set range for a (operator 
then the flow rate is increased by a value 
specified by the operator. This is described 
in relation to the apparatus of the embodiment 
in Figures 1 and 2. The software to run the 
was developed using VisiDAQ Builder and Adam 
were used for signal processing. The notable 
the system are represented in Figure 11 as thi 
Calibration" (Arrow A) and *B0D Control" 



(Arrow 



6.2 



@045 



BETWEEN FEED 



OUR was 
a microbial 
system, 
important 
of the 



if 



the BOD 
period 
is also 
briefly above 
illustrated 
feedback loop 
modules 
^oniponents of 
«Flow 
B) • 



Testing of the feedback loop between feed flow rate 
and OTO 

Isolation of x, 3 -propanediol -degrading m: .eroorganisms 
was used to test the feedback loop between fetid flow rate 
and OUR. The feed medium was a defined medium designated 
46is (Appendix l) which contained 1.0 g l" x 1, 5 -propanediol 
and the initial flow rate was 43,5 ml h" 1 . The operating 
temperacure was 30*C and pH 7*0. The medium ws s inoculated 
with -700 ml of activated sludge. The feed flow rate was 
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increased by 20 ml h' 1 if the BOD remained coistant fox 
four veaael volumes. After an initial peak in the BOD, 
which was due to 1,3-propanediol being in excess 



946 



the BOD 



The flow 
tlo 143.5 ml h" x 



remained constant over a range of flow rateB 
rate was increased in steps from 43.5 ml h" 1 
over several days without any significant chahge in the 
BOD, demonstrating that the microbial population which had 
been established was capable of growing with doubling 
times in the range 3.6 to 12 hours. At a doubling time of 
3.6 hours the BOD was unchanged suggesting that the 
population that had been established had the ability to 
grow feister than the maximum that was tested in this 
experiment. This observation was expected because the 
inferred ^ of the population from the initial peak in 
BOD at the start of the experiment was -0.25 h" 1 (a 
doubling time of 2. a hours). Higher doubling times could 
be achieved with any microbial population that is 



good 
higher rate 



established in the culture because there is 
probability that mutants which can grow at a 
will be selected at high feed flow rates. 

The response of the culture to the changing flow 
rates is shown in Figure 12, 

Modifications may be made to the preferred 
embodiments and Examples described above Without departing 
from the spirit and scope of the invention. 



man 



totajSjaSttUto CSmO.dc* 1-4/1 MO 
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Appendix I 

Media 

Composition of Defined Medium COM) 

KHjPOi 
10%Na 2 SO« 
*Mga z .6HzO 

* ♦Trace Metals solution 
Ail media were made up in reverse osmosis water and adjusted Id pH 7.0 \ 
All chemicals were of analytical grade. 



V0 

i.0mir' 
0.17 
D.Ol 

1.0 ml r 1 
wim4MNaOH 



Where required, media were sterilised by autoclaviug at 121 °C for 20 minutes. 
20 litres) of feed were autoclaved at 12l°C for at least 60 minutes. 



largci 



* Magnesium and calcium were added as a concentrated sterile 
1.0 g I" 1 CaCk.2H 2 0) after autoclaving to prevent precipitation with orthophosphate, 

Carbon sources were added after the media were autoclaved. 

Solid media were prepared by me addition of 15 g r 1 agar. 

** The Trace Metals solution < 



FeSO«.7H a O 
OoS0 4 .7H 2 0 
M11SQ4.H2Q 

NaMo04^H 2 0 

HaBQa 

ZoCfe 

QiS0 4 .5HaO 



0.05 



@047 



volumes (up to 
stock solution (17.0 g l" 1 MgCli.<xH a O; 



gr 1 
1.0 
0.2 

0.1 
OA 

0.062 

0.07 

0.02 



Htostorw feqASptdretStfCOBadBo 14/JUQ5 
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Composition, of Defined Medium (46 IS) which Is a modification of a wmtiimni m tfium described by 
Nagel and Afldtee&en aa cited by DSMZ (German culture collection - www.dsm .dc/mcdia). 



♦Suits solution 
**Trace Elements Stock 



* The Salts dilution contained: 

MnS0 4 
Naa 



** The Ghenucals in the Trace Elements Stock were dissolved 5M Ha. The Trace Elements Stock 
contained: 

(Note: FeSOd.7H 2 0 was dissolved in the 5MHC1 before the addition of the other components.) 

^"'(ofSMHCl) 



FeS04-7fT 2 0 
ZsCb 

MnS0 4 .H 2 0 
HJJQ, 
C0SO 4 .7HiO 
Cu,SO*5H a O 
NiCl 2 ,6H 2 0 
KaMo0^2HiO 
The Phosphates solution contained: 



nir 1 

10 
>.7 
SO 

jr 1 

L.O 
»0.0 
0 

KM) 

;?,0 



o.56 

0.14 

0.12 

0.01 

0.45 

0.004 

0.04S 

0.072 

'5LS 
2.S 



All media were made up in reverse osmosis water and all chemicals were of anal] tieal grade* 
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Media wen? pupated by &e mixing the Salts solution and the Trace Elements St x* prior to autoclaviag. 

Wiiwo toquircd, media were sterilised by mtoclaving at 121°C for 20 minutes. I arce volumes (uo to 
20 litoes) ot feed were autoclaved at 12l°C for at feast 60 minutes. 

TO^b^^S^ 011 Bdded aftcr aut *»kviag to prevent pi«ripiiati<m of j>rttiophospBatca wilh the 

Carbon sources were added after the* media wore autoolaved. 
Solid media were prepared by die addition of 1 5 g T 1 agar* 
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Figure 3 
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Figure 4 
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Figure 9 
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